The main objective of this research is to better understand the correlation between the constituent phases presented in the super-duplex steel SAF 2507 when it is under welding process by arc shielding gas MIG-MAG (Metal Inert Gas-Metal Active Gas). Conventional short circuit transfer and derivative STT (Surface Tension Transfer) using the 2594 welding wire as a filler metal and the effects on welding power in hardness, toughness and pitting corrosion are considered here. The results showed that the welding energy (Ew) changed the α/γ-phase's balance and occasionally formed σ-phase in ferrite grain boundaries which led to changes in hardness, toughness and pitting corrosion resistance in molten zone (MZ), heat activated zone (HAZ) and metal base regions (MB). Furthermore, the increased amount of γ-phase improved the pitting corrosion resistance index (PRENγ) mainly in the MZ. This is due to decrease of α-phase fraction and formation of coarser grains, for higher welding energy. The toughness in the MZ decreased with less formation of γ-phase, coalescence of ferritic grains and localized formation of σ-phase, raising the hardness in the HAZ when the welding energy was lower.
Introduction
The development of alloys means major advances in the manufacture of high fied due to the recent discovering of oil and gas reserves in the pre-salt layer.
Thus, the use of materials with high performance against wear and pitting is required [5] [6] [7] [8] .
Welding is one of the most important and versatile manufacturing facilities available in the industry. Welding is used to join hundreds of different commercial alloys into many different forms. More than 50% of all stainless steel delivered to the world has undergone some welding process [6] . In this way, the application of this material which presents excellent mechanical and corrosion properties is essential.
Studies in the literature have been reported in order to better understand the mechanical and corrosive mechanisms that outline the preferential formation of the phases present in alloys with function of welding power, microstructural balance and intermetallic phases presented in the molten zone (MZ), heat-activated zone (HAZ) and metal base regions (MB) [7] . These studies also include the relationship between the welding processes and its influence on the phases formed with the mechanisms of strength as well as its responses to the corrosion susceptibility and anomalies that can promote equipment failure without notice during operation [8] [9] .
Background
The super-duplex steels are a family of steels which contain approximately equal fractions of ferrite (α) and austenite (γ) phases, 50/50 by volume [10] [11] . This microstructure can be achieved by balancing the alloying elements, heat treatment and/or thermomechanical processes. The change in the balance of phases during the welding process can induce changes in the material mechanical properties with the possible formation of intermetallic compounds [12] [13] .
The ferrite phase is stable and rich in chromium and molybdenum and presents excellent mechanical properties (e.g. high yield strength) due to the fine grain size of the microstructure, which is dependent on the welding process [11] .
However, the austenite phase is stable and has higher concentration of nickel, manganese and nitrogen, with high toughness and ductility. Some of these elements, which are added as an alloying element in austenite, can precipitate and lead to pitting corrosion [13] [14] .
Considering the aspects of the ferrite and the austenite phases regarding their resistance to pitting corrosion, results in the literature have shown that better re- as in super-duplex stainless steels [12] . On the other hand, they may be more susceptible to localized corrosion, such as pites [13] [14] . What characterizes the resistance to pitting corrosion is the capability of a metal to passivate, form a continuous film and adherent of oxides able to prevent the penetration of oxygen into the matrix [15] . This corrosive process is known as an extremely localized attack, initiated by the breakage of the passive film in regions that presents defects such as inclusions, dislocations, grain boundaries or interfaces [15] . The alloying elements that dictate the resistance to pitting corrosion and the formation of the passivating layer in a stainless steel are Cr, Mo and N [14] .
During the welding process, it is difficult to keep the ferrite and austenite phases at a constant 50/50 ratio. One challenge during the welding process is how keep the excellence of the corrosion resistance in the MZ and HAZ. The energy required to melt the metal base with the added metal is generated by the electric arc following the parameters represented shown in Equation (1) (Welding energy, kJ/mm).
where η is the process thermal efficiency, i is the current transferred, U is the applied voltage and v s the welding speed [16] [17].
The pitting corrosion resistance in stainless steels has been calculated accord- 
where the parameter 16 < ξ < 30 [17] [18] . From this empirical value, it is possible to measure the resistance to pitting corrosion of the phases and improve the balance α/γ [19] [20] . The super-duplex steels are distinguished for having a value of PREN greater than 40. But there are some issues unclear, such as the fact that the onset of pitting corrosion is not characterized in conditions of low concentrations of the phases, and the PREN differs within the alloy due to these constituents.
This research aims to clarify the correlation between the phases presented in the super-duplex steel SAF 2507, specifically in the MZ-HAZ-MB regions of a welded joint under the arc shielding gas MIG-MAG welding process, while considering the effects of welding energy on hardness, toughness and pitting corrosion.
Materials and Methods
The investigated material in this research is the super-duplex steel SAF 2507. To identify the phases present in the material when it was submitted to different welding energies, the steel was analyzed by X-ray diffraction in the diffractometer model X-Pert PRO, with copper radiation (CuKα1) and wave length of 1.5406 Å. Phase diagram calculation also was performed using FSSTeel database in the FactSage software in order to estimate the phases present in the alloy.
For microstructural analysis, samples were hot mounted and then polished using silicon carbide papers with grits of 400, 600, 800, 1000 and 1200 that were 
Results and Discussions

Post-Weld Microstructural Aspects
The leads to form a microstructure with a higher volume fraction of ferrite than austenite. On the other hand, the high heat input with low cooling rate produces a higher volume fraction of austenite than ferrite. The small volume fraction of ferrite presented here should be from inhibiting ferrite to austenite transformation due to this last condition.
As can be seen in Figure 4 , the X-ray diffraction patterns shows the presence of phases α/γ phases, with reduced intensity of the γ-phase and a decrease indication of the rate of phase transformation α/γ as welding energy increases. This analysis also shows that the coarse structures formed near to the MZ is of the α-phase type (z = 2 BCC), identified in both MZ and HAZ in smaller quantities than of the γ-phase type (z = 4, FCC) in all joints.
Toughness Tests
The Charpy impact tests applied on the samples are depicted in Figure 5 with high toughness resulting from small grain size on the HAZ and higher concentration of γ-phase which can prevent the propagation of cleavage cracks originating in the α-phase [30] [31]. Moreover, when the welding temperature is higher, the impact energy absorbed by both MZ and MB increases.
The higher toughness value in the HAZ compared to the one on the MB is normal in super-duplex steels due to the existence of the both phases (α and γ) present in the matrix. These two phases together provide good elastic and plastic behaviors which reflect the excellent levels of absorbed energy within the three regions. Additionally, for a smaller interpass temperature in the joint, a higher It is also worth bearing in mind that the microstructures after welding depend on the cooling rate. When there is high localized heat input, this affects the HAZ configuration (i.e. size and the region which will be formed). On the other hand, phases and morphologies arising in each region are results of the cooling conditions of the joints, due to the interpass temperature applied here, which was 40˚C. In multi-pass welding process occurs a kind of overlapping thermal cycles causing heating and reheating which provokes much more formation of austenite phase. This happens especially on the first weld bead contributing in this way for the increase of the toughness in the HAZ.
The toughness in the MB region is within an expected range for lower energies at a lower temperature of −40˚C. This result is acceptable since the transition temperature for SAF 2507 steel is −50˚C. In other words, the mechanical behavior of this region according to the small variation of absorbed energy is in agreement with the expected range for the α/γ phase ratio. The small variation in absorbed energies was a consequence of the local temperature gradient.
The impact tests at −40˚C showed a decrease in the toughness with some change in the structure of the α-phase when compared with data at room temperature. This behavior is associated with a great amount of γ-phase in the HAZ region which significantly reduces toughness, approximately by half, when the MZ region is evaluated. Furthermore, toughness decreasing at −40˚C is also related to the increase in the concentration of α-phase, and possibly the presence of precipitates of chromium nitride (Cr 2 N), which generates a fragile microstructure with coalescence in the ferrite grains, creating residual stresses and increasing the γ-phase [30] [32] . It is seen that there is an increase in phase grain size and a reduction of the number of grains when the impact resistance is reduced.
Temperature variations modify the original microstructure, change the phase balance and, consequently, affect the joint performance. Repeated reheating on molten zone (MZ) and heated affected zone (HAZ) may lead to precipitation of secondary austenite and intermetallic phases [32] . Thermal cycles during welding process due to little controlled heating and cooling, can generate gradients of temperature that modify the balance of the austenite/ferrite phases. This can mainly occur during the reheating of the molten zone (MZ) and heated affected zone (HAZ) by forming precipitates of the sigma phase localized around the ferritic phase contours.
Pitting Corrosion Tests
Pitting corrosion tests were performed following the ASTM G48-A standard test , the lower value being attributed to the lower welding energy.
EDS performed inside the pits, revealed also considerable amount of Mn, see point 4 on Figure 2 . This suggests that nucleation and growth of these pitting occurs preferably in regions containing manganese sulfide (MnS) inclusions. As mentioned, this led to the formation of corrosion pitting at preferred sites, as well as on deformation bands of the α/γ-interface, generating discontinuity in the passive film. This is one of the reasons that contribute to fractures in steels when it is subjected to stress accompanied with microstructural changes and accumulated residual stresses. It is clear to see that the γ-phase presented less localized attacks (pitting) than the α-phase, and this is attributed to the Ni content in the γ-phase, which offers greater resistance to corrosion. 
Microhardness Tests
The microhardness tests were applied to the MB-HAZ-MZ region of the three joints, and the results are depicted in Table 2 .
The MZ and HAZ regions presented higher values of microhardness than the MB region, though the microhardness in the HAZ varied, with a tendency to decrease as it approaches the MB. Due to that, there was a decrease in the toughness and pitting corrosion resistance as consequence of grain growth and the presence of ferrite under coalescence, reducing the hardening effect [26] .
The microhardness difference in the HAZ is attributed to the different morphologies of α/γ-phases and the distribution of the σ-phase. The microhardness tests showed that the mechanical resistance of MZ region is greater than the MB. 
SEM Aspects Associated with the Phase Diagram
The BSE-SEM analysis on the region where it was observed via EDS that changes in composition in the fraction of the α/γ-phases during the welding process occurred is shown in Figure 9 . The presence of σ-phase in the ferrite grain boundaries formed with greater diffusion of Cr and precipitated colonies of chromium nitride (Cr 2 N) in the contours of α-phase, in the α/y interface and at triple points. This is a product of the thermal cycle imposed during the welding process which deteriorated the toughness, microhardness and pitting corrosion resistance with a lower PREN [21] [35]. It is seen that in MZ, the amount of γ-phase is greater than in HAZ and MB with the presence of precipitated σ-phase in the ferritic grain boundaries in small fractions that can cause cracking by localized corrosion. This is an indication that the formation of σ-phase should be avoided during cooling and solidification because it reduces sharply the toughness of the material. The σ-phase 
Conclusions
The relationship between the pitting resistance equivalent numbers (i.e. pitting corrosion resistance), impact resistance and microhardness from the phases presented in the super-duplex SAF 2507 steel under welding parameters was investigated. Some crucial points should be addressed: 2) Welding energy caused changes in the amount and transformation rate of α/γ-phases of the SAF 2507 steel. This affected the microhardness and toughness in the MZ-HAZ-MB regions with an increase in the amount of γ-phase in MZ and decrease of α-phase with higher welding energies.
3) The HAZ and MB showed good toughness at room temperature and also at low temperature (−40˚C) for different welding energies. However, the toughness at the MZ decreased significantly, even with the formation of γ-phase, due to ferrite grains coalesced and formation of σ-phase.
4) The welding applied on the SAF 2507 steel exhibited high value of microhardness in the HAZ and MB, due to the higher concentration of γ-phase. These elevated levels of microhardness in the HAZ are most probably due to the formation of σ-phase precipitates in the ferrite grain boundaries under low welding energies.
5) The pitting corrosion analysis showed greater mass loss for higher welding energy with pit formation on the α/γ interface surrounded by α-phase. The values of PREN, due to partition of the elements, modified the coexistence of α/γ-phases, and value of the PREN (γ) higher than the PREN (α) when the welding energy was higher.
